Plastics, foams and ropes collected from beaches in SW England have been analysed 23 for As, Ba, Br, Cd, Cl, Cr, Cu, Hg, Ni, Pb, Sb, Se, Sn and Zn by field-portable-x-ray 24 fluorescence spectrometry. High concentrations of Cl in foams that were not PVC-25 based were attributed to the presence of chlorinated flame retardants. Likewise, high 26 concentrations of Br among both foams and plastics were attributed to the presence of 27 brominated flame retardants. Regarding heavy metals and metalloids, Cd and Pb were 28 of greatest concern from an environmental perspective. Lead was encountered in 29 plastics, foams and ropes and up to concentrations of 17,500 g g -1 due to its 30 historical use in stabilisers, colourants and catalysts in the plastics industry. 31
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Detectable Cd was restricted to plastics, where its concentration often exceeded 1000 32 g g -1 ; its occurrence is attributed to the use of both Cd-based stabilisers and 33 colourants in a variety of products. 34
Introduction
6 expanded and extruded polymer) or 'ropes' (fragments of rigging, cord, netting and 112 fishing line). While, strictly, all samples are plastic-based, this categorisation is 113 consistent with distinct groupings within the OSPAR classification of plastic litter 114 based on visual appearance (OSPAR Commission, 2010) . From a practical 115 perspective, this classification also reflects the requirement for different approaches to 116 sample preparation and differences in absorption of x-rays that relate to density and 117 the presence of air within the matrix (Turner and Solman, 2016) . While components 118 of these categories made up the majority of the litter pool (> 90% on a number basis), 119 items neglected included pieces of masonry, objects and fragments that were 120 composed principally or wholly of metal, pieces of glass or ceramic, paper and 121 cardboard waste, and machined wood. Also neglected were foils or films of food 122 packaging that had evidently been recently discarded as earlier, independent analyses 123 of a variety of contemporary packaging failed to detect any of the elements under 124 study. 125 marine contaminants (that is, As, Ba, Br, Cd, Cl, Cr, Cu, Hg, Ni, Pb, Se, Sb, Sn and 139 Zn). The instrument was operated in a plastics mode that is capable of quantifying the 140 concentrations of up to 18 elements, whose fluorescent peaks range from 2.62 keV 141 (Cl-K) to 32 keV (Ba-K), in complex, low density materials through a fundamental 142 parameters-based alpha coefficient correction model. Fundamental parameters 143
eliminates the requirement for sample-specific standards, has a wide dynamic range 144 and is independent of the size and shape of the surface (Bosco, 2013) . 145 146 For the analysis of samples in the plastics mode, the instrument has a thickness 147 correction algorithm down to 0.05 mm that employs a compensation for mass 148 absorption coefficient based on Compton scatter so that variations in material density 149 are factored in. Thickness correction was applied to all plastics whose depth was less 150 than 10 mm and to all foams and ropes regardless of sample depth. Sample thickness 151 was measured through the flattest ('measurement') surface using 300 mm Allendale 152 digital callipers, and to increase the effective depth and flatness of the thinnest 153 samples of plastic or rope, items were often cut (with scissors, pliers or a blade), 154 folded or layered and, where necessary, held in place using crocodile clips. 155
156
The XRF was used in the laboratory in a bench-top accessory stand and was 157 connected to a laptop computer via USB and a remote trigger. Samples were placed 158 on 3.6 m polyester film and positioned centrally and with the measurement surface 159 face downwards over the XRF measurement window. On closing the steel shield of 160 the stand, measurements with appropriate thickness correction were activated through 161 the laptop for a total period of 120 seconds (60 seconds each at 50 kV/40 A and 20 162 kV/100 A). Spectra were quantified by fundamental parameter coefficients to yield 163 elemental concentrations on a dry weight basis (in g g -1 ) and with a counting error of 164 2 (95% confidence). At the end of each 2-6 h session, spectra and elemental 165 concentrations were downloaded to the laptop using Niton data transfer (NDT) PC 166 software. 167 168 Element-specific limits of detection of the Niton XL3t are dependent on a number of 169 factors, including mode of instrument application, counting time, and sample density, 170 composition and thickness. In the plastics mode and for a counting time of 120 171 seconds, detection limits are generally lowest and below 40 g g -1 for each sample 172 category (plastics, foams and ropes) for As, Br, Cr and Pb and highest and above 70 173 g g -1 for each category for Ba, Sb and Sn (Turner and Solman, 2016) . Note that in 174 the case of As, overlap of its K fluorescence peak with the L peak of Pb coupled 175 with the relatively low intensity of the As-K line means that concentrations cannot be 176 effectively calculated for samples with Pb:As ratios in excess of about 10 177 (Environmental Protection Agency, 2007 The total mass of material retrieved was about 1 kg, and the mass of individual items 210 ranged from about 2 mg to 50 g. Overall, and on three individual beaches, plastics 211 were the dominant material on a mass basis. The mass contribution of foams to the 212 total loading was about a half of that of plastics, but on two beaches (MB and PK) 213 foams represented the dominant material category. Overall, the mass contribution of 214 ropes was the lowest of the three categories considered but on a location basis relative 215 contributions were highly variable and ranged from about 1% to 36% of total mass 216 (SA and CP, respectively). Sample thickness ranged from about 0.3 mm for a number 217 of plastic films to more than 40 mm for several foams, and primary diameter or length 218 ranged from about 3 mm for various plastic fragments and pellets to more than 10 cm 219 for a number of plastic objects and pieces of foam and rope. 220
221
More than half of the samples in the plastics category were unidentifiable fragments 222 of varying size. Many samples that were recognisable as either fragments or whole 223 objects could be classified according to the OSPAR marine litter monitoring 224 guidelines (OSPAR Commission, 2010) , and in descending order of abundance, as 225 bottle caps and lids, production pellets, injection gun caps, lolly sticks, cutlery and 226 straws, toys, shotgun cartridges, cigarette lighters, pens and strapping bands. Other 227 recognisable fragments not categorised by OSPAR appeared to be derived from 228 garden furniture and fencing, adhesive taping, piping, plant pots, vials and a traffic 229 safety barrier. Likewise, and regarding foams, most items were unidentifiable 230 fragments of varying size, but fast food containers, polystyrene cups, foam sponge 231 and miscellaneous polystyrene pieces were consistent with OSPAR classifications; 232 note that polyurethane and expanded rubber, which were abundant on some beaches, 233
do not appear to have equivalent or distinct classifications. According to OSPAR, 234 rope samples could be classified, in decreasing order of abundance, as rope per se 235 (and by definition of diameter > 1 cm), netting, tangled nets-cord-rope, string and 236 cord (diameter < 1 cm), fishing line and 'other' textiles. 237 238
Elemental content of litter 239
Tables 3 to 5 show the concentrations of the different elements in the three categories 240 of litter. Here, data are pooled for the five locations in order to evaluate elemental 241 differences among the different types of material, and elements are shown in order of 242 descending number of cases detected and in terms of both concentration distributions 243 and summary statistics. Regarding plastics (Table 3) , Cl was the most abundant 244 element, being detected in 225 out of 279 samples and at concentrations up to about 245 50% by weight. Zinc was the most abundant heavy metal detected and at 246 concentrations up to about 25,000 g g -1 . Among the remaining elements that were 247 detected in more than ten cases, maximum concentrations were at least 1000 g g -1 248 with the exception of Cu. Median detectable concentrations were greatest and above 249 500 g g -1 for Cd, Cl and Ba and lowest and below 50 for Cr, Br, As and Ni. With 250 respect to the foams (Table 4) , and as above, the most abundant element was Cl, being 251 detected in 195 out of 203 cases and up to concentrations of 63% by weight; 252 compared with plastics, however, the median concentration was two orders of 253 magnitude higher. The second most abundant element in the foams was Br, with 254 maximum and median concentrations of about 18,000 g g -1 and 250 g g -1 , 255 respectively. Chromium, Cu, Pb, Sn and Zn were all detected in more than 10% of 256 samples analysed with median concentrations above 100 g g -1 and maxima ranging 257 from about 1000g g -1 (Cr) to more than 25,000 g g -1 (Zn). Likewise, in the ropes 258 category ( Lead was detected in a range of plastics, ropes and foams in the present study. Among 370 the plastics, the highest concentrations were encountered in various fragments that 371 were mainly red or yellow but occasionally green, white or grey. Ropes and netting 372 that contained Pb in excess of a few hundred g g -1 were always orange, while foams 373 containing Pb in excess of 1000 g g -1 were usually rigid polyurethane. Lead was 374 commonly employed as a heat and UV stabiliser in PVC, and in a number of pigments 375 (but largely lead chromates) provided a wide range of colours in a variety of plastics. 376
Concentrations of Pb added to plastics were variable but generally less than 50,000 g and Cr were both measurable (n = 22) there was a significant relationship between thetwo metals with a slope that was close to the mass ratio of Pb to Cr in lead chromateclose to the Pb to Cr mass ratio in lead chromate was observed among the nine 387 samples in which both metals were detected (Figure 3b) . Regarding the foams, there 388 was no significant relationship between Pb and Cr where both metals were present (n 389 = 26) and the concentration of Cr exceeded that of Pb in most cases (Figure 3c) . 390
Overall, however, the highest concentrations of Pb among the foams were 391 encountered where Cr was not detected. 
